Physical activity has profound effects on neuronal progenitor cell growth, differentiation, and integration, but the mechanism for these effects is still ambiguous. Using a mouse model, we investigated the effects of two weeks of treadmill running on the dynamics of the size distribution and miRNA profiles of serum extracellular derivatives (EDs) using particle-sizing analysis and small RNA sequencing. We found that an increased average diameter of EDs in the running group compared with the sedentary group (p < 0.05), and 16 miRNAs were significantly altered (p < 0.05) in the running group. Furthermore, functional annotation analysis of differentially expressed miRNA-predicted target genes showed that many of these target genes are involved in the PI3K-Akt pathway. Exerciseinduced serum EDs increased Neuro2A cell viability and Akt phosphorylation. We also found that expression levels of neuronal maturation markers such as Microtubule-Associated Protein 2 (MAP2ab) and Neuronal nuclei (NeuN) were increased (p < 0.05, respectively), and that inhibition of the PI3K-Akt pathway by LY294002 pre-treatment ameliorated their expression in Neuro2A cells. Finally, the administration of exercise-induced EDs for 3 days increased the Histone 3 phosphorylation and β-iii tubulin expression in Ink/Arf null neural stem cells and progenitors (NSPCs) under each proliferation and differentiation condition. These results suggest that exercise-induced circulating EDs may mediate neuronal maturation during exercise.
Vesiclepedia and ExoCarta 22 . These vesicles play crucial roles in intercellular communication in multiple biological processes 24, 25 . EVs are classified as exosomes, microvesicles (MVs) or apoptotic bodies based on their size, function and various makers 24 . Research on exercise-induced EVs suggests that exosomes may play a role in mediating the beneficial effect of exercise on metabolic diseases 22, 26 . However, the underlying mechanism for how exercise-induced EVs regulate cellular processes is not yet clearly understood, particularly with respect to neuronal function. Because of the purification issues 27 , we expanded our research into EDs containing lipoproteins and EVs. In the present study, we investigated the role and pathway of exercise-induced EDs on neuronal cell viability and maturation.
Materials and Methods
Animal study. For the animal experiments, male C57/BL6 (B6) mice (6 weeks) were purchased from Central Laboratory Animal Inc. (Seoul, Korea). Mice were habituated in an animal facility at least for 3 days. A total of 20 mice were randomly assigned to two groups and housed in standard conditions with food and water ad libitum. Mice in the exercise group (n = 10) were acclimated to moderate treadmill running (8 m/min) for 2 days. Treadmill exercise was performed using previous protocol 28 with little modification. They were then subjected to 2 weeks of exercise training (30 min, twice per day with 1-hour rest, 5 days/week). The mice were trained on a treadmill with progressive increases in intensity. At the end of 2 weeks, all exercise-trained mice were running at a speed of 16 m/min. The day after the last workout, half of the groups (n = 5) were performed the behavioral test and the other half (n = 5) were sacrificed for the blood collection through cardiac puncture. Serum was obtained from the collected blood in heparin-treated tubes with 10 minutes of centrifugation at 2000 g. The animal-handling procedures were based on National Institutes of Health guidelines for animal studies. The experimental procedure was approved by the animal ethical review board of Seoul National University (IACUC-181205-3-1).
EDs isolation and purification.
For the EDs isolation, nomenclature and functional characterization, we tried to follow the minimal information for studies of extracellular vesicles 2018 (MISEV2018) guidelines 29 . However, we still have issues in removing various kinds of lipoproteins 27 and albumin, so we used extracellular derivatives (EDs) instead of using extracellular vesicles EVs. Total EDs were isolated and purified from 200 mL of serum using the miRCURY Kit (Cat. 76603, Qiagen, CA) according to the manufacturer's instructions, with minor modification. Briefly, using 0.22 μm syringe filters (Millipore, MA), serum samples were filtered to avoid larger particles. Pre-filtered samples were then mixed with Precipitation Buffer A for 12 hours and centrifuged at 1500 × g for 30 minutes. The precipitated EDs were eluted with filtered 1x PBS (100 μl) and used for further analysis. The remaining samples were stored at −20 °C for less than 10 days.
EDs size analysis. The mean particle diameter-size and size distribution of the EDs were measured by dynamic light scattering (DLS), using a zeta potential and particle size analyzer (ELSZ-1000, Otsuka Electronics, Osaka, Japan) at fixed detector angles of 90° and 25 °C 30 . Dispersed samples in 2 ml of PBS (pH 6.5, dilution factor; 1:20) were then transferred to a transparent cuvette and inserted into the ELSZ-1000 instrument. The particle size was expressed as mean diameter (Z-average) and the particle size distribution was expressed in terms of intensity (differential and cumulative, %).
Neuro2A cell culture. Neuro2A cells (ATCC CCL-131, USA), a mouse neuroblastoma cell line, were seeded into 6-well plates at an initial density of 10 4 cells/well and grown in Eagle's Minimum Essential Medium (EMEM; Gibco, NY, USA) supplemented with exosome-depleted fetal bovine serum (FBS, Gibco) to a final concentration of 10% in a 37 °C incubator with 95% air and 5% carbon dioxide (CO 2 ). The cells were passaged every second day and confluency was maintained below 90%. For differentiation of Neuro2a cells, we reduced FBS to 0.5%.
Neural stem/progenitor cell (NSPC) culture and differentiation induction. The immortalized Ink/
Arf−/− NSPCs 31 harboring multi-lineage differentiation capability were maintained in N2 media supplemented with 20 ng/ml EGF (epidermal growth factor) and bFGF (basic fibroblast growth factor). For differentiation induction, NSPCs were dissociated into single cells using TrypLE (Life Technologies), and plated on polyornithine and fibronectin-coated plates in N2 culture medium including 1% fetal bovine serum (FBS) and B27 Supplements (Life Technologies) without growth factors for 3 days.
Cellular viability assay.
Cell viability was quantified using Cell Counting Kit-8 (CCK-8; Dojin Laboratories, Kumamoto, Japan). Briefly, Neuro2A neuroblastoma cells were seeded into 96-well plates at an initial density of 10 3 cells/well. After 48 hours, the medium was changed to serum-free EMEM. After incubation with the vehicle (phosphate-buffered saline; PBS) or the indicated concentrations (1, 10, and 100 ng/μl) of EDs from the sedentary or exercise group for the 24 hours, then reagent was added for 3 more hours. 10% FBS was used as positive control. To assess cell viability, absorbance at 450 nm was measured using a Tecan (Infinite 200 PRO series) 96-well microplate spectrophotometer (Mannedorf, Switzerland).
Western blot analysis.
Neuro2A cells were harvested using RIPA (radioimmunoprecipitation) buffer (Millipore), Protease/Phosphatase Inhibitor Cocktail (Cell Signaling Technology, Danvers, MA) and sample buffer (Bio-Rad). For Western Blot analysis, 20 μg of protein was used for 4-12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to an NC (nitrocellulose) membrane using a semi-dry kit (Invitrogen). The membranes were blocked for 30 minutes with 5% nonfat dried milk in Tris-buffered saline (TBS) containing 0.1% Triton X-100. Primary antibodies against CD9, AKT, P-AKT (S473), and β-Tubulin were purchased from Cell Signaling Technology (Beverly, MA, USA), used at a dilution of 1:1,000, and incubated at 4 °C overnight. Secondary anti-rabbit and anti-mouse antibodies were used at a dilution of 1:5,000. Specific signals were visualized using LAS500 (GE Healthcare Life Sciences).
NSPCs were disrupted directly with laemmli buffer (60 mM Tris-HCl (pH 6.8), 2% (w/v) SDS, 10% (v/v) glycerol, 0.02% (w/v) bromophenol blue), followed by sonication and heat-denaturation at 95 °C. Samples were fractionated by SDS-PAGE and transferred to a PVDF (Polyvinylidene fluoride or polyvinylidene difluoride) membrane. After blocking membranes with 5% non-fat dried milk in TBST (10 mM Tris, pH 8.0, 150 mM NaCl, 0.5% Tween 20) for 30 min, the membrane was washed with TBST and incubated with antibodies against β-III tubulin (1:1,000, Abcam), phosphor Histone3 at Ser 10 (1:1,000, Cell Signaling), β-Actin (1:5,000, Sigma Aldrich), total Histone3 (1:10,000, Cell Signaling) overnight at 4 °C. Next day, membranes were washed three times (10 min each) with TBST and incubated with horseradish peroxidase-conjugated anti-mouse (1:10,000, Bethyl Laboratories) or anti-rabbit antibodies (1:5,000, Bethyl Laboratories) for 1 hour. Membranes were washed with TBST and signals were detected with D-PlusTM ECL Femto system (Dongin LS). Quantification of Western Blots were performed with ImageJ. miRNA and target gene expression analysis. The quality of the raw data was checked in a pre-processing step, and adapter sequences existing in small RNA-seq reads were removed. The results were generated by mapping to annotated miRNA sequences using pre-processed readings. For differential miRNA expression analysis, the R package was used to normalize the expression and variance to reduce the differences among the samples. Using DESeq 2, we constructed a statistical model with a negative binomial as a reference distribution by using raw read count as the input and analyzed differences in expression. Functional analysis (gene set enrichment analysis) and DEG were performed using the obtained P-value and fold change. For the selection of predicted target genes, databases from miRanda, miRBase, TargetScan, microT, PicTar were used.
PCR array analysis.
Total RNA was extracted from Neuro2A neuroblastoma cells using a total RNA extraction kit (Ribozol, Amresco) following the manufacturer's manual. Then, 5 μg/10 μl RNA was used for cDNA synthesis. First-strand cDNA was synthesized by RT using oligo (dT) primers and SuperScript II reverse transcriptase (Invitrogen). For PCR array, total RNA (100 ng) was amplified using the SYBR Green Master Mix (Thermo Fisher) and analyzed using CFX96 qPCR instruments (Bio-Rad). The primers used in the PCR reaction were as follows:
Data analysis. Statistical analyses were carried out using Prism 5.0. Comparisons between groups were performed with one-way analysis of variance (ANOVA) for the Western Blot, Real-time PCR and CCK-8 assays, while Student's t-test was used for all other analyses. All values are expressed as mean ± standard error of the mean (SEM).
Results

Effects of 2 weeks of treadmill on mice grip strength and motor function.
To study the effect of running on serum EDs, an inclining speed treadmill protocol was applied to mice twice per day for two weeks (Fig. 1a ). Treadmill running had no effect on body weight (p > 0.05, Fig. 1b ). However, grip strength increased after two weeks of treadmill training (p < 0.05, Fig. 1c ). Motor function was assessed using a 5-minute rotarod performance test. There was no difference between the groups in latency to first fall or fall time (p > 0.05; Fig. 1d,e ).
Characterization of exercise-induced extracellular derivativies(EDs): Protein concentration & size analysis.
RNA and protein concentration were detected by Nano-100 (Allsheng, China). No significant alterations were found in EDs from mice in the 2 weeks of treadmill running group vs. the sedentary group (RNA [sed; 0.17 ± 0.07 μg/μl, exe; 0.16 ± 0.07 μg/μl], protein [sed; 13.72 ± 2.43 mg/ml, exe; 12.49 ± 1.45 mg/ml], and p > 0.05, n = 5, respectively). As shown in Fig. 2a ,b, no changes were detected (p > 0.05) in the level of CD9 in EDs isolated from the serum of mice in the running group compared with mice in the sedentary group. These results confirmed that EDs contains EVs. Next, the size of EDs was determined by dynamic light scattering (DLS) using particle size analyzer (ELSZ-1000). The effects of exercise on polydispersity, average particle size and size distribution of EDs are displayed in Fig. 2c -e. No changes were detected in the dispersity of samples (p > 0.05, Fig. 2c ) indicating that EDs from each group contained a similar heterogeneity of sizes. However, paired t-test analysis showed that exercise increased the average particle diameter of EDs (p = 0.02; Fig. 2d ). Because EVs in EDs are classified by their size, we further investigated the size distribution of EDs using four different ranges ( Fig. 2e ). One-way ANOVA analysis followed by post-hoc testing revealed a significant effect of exercise on size distribution (p < 0.05, Fig. 2e ). In particular, running increased the number of EDs between 120 nm to 499 nm in size compared with sedentary mice (p = 0.05) while decreased the number of EDs between 40-119 nm (p < 0.05, Fig. 2e ).
microRNA profiles are altered in exercise-induced extracellular derivatives (EDs). Increasing evidence demonstrates that miRNAs are encapsulated in EDs 24, 32 . To elucidate the effects of running on miRNA profiles in circulating EDs, we compared the miRNA profiles from serum EVs from mice in the running group and those in the sedentary group. miRNA read counts were normalized with DESeq 2 and significant differences in miRNA expression were assessed. We identified 16 miRNAs, including mmu-miR-101a-3p, -101c,-16-5p, -223-3p, -297a-3p, -297b-3p, -297c-3p, -342-3p, -466f-3p, -466h-3p, -466i-3p, -669c-5p, -674-3p, -676-3p, -706, -7a-5p, and 93-5p, that were significantly increased in EDs from mice in the running group (Table 1) . Gene ontology (GO) analysis showed that differentially expressed miRNAs in EDs from mice in the running group are related to the cellular response to chemical stimulus, cellular response to oxygen-containing compound, and cellular response to acid chemical. This indicated that EDs are responsive to the dynamic external environment during exercise (Fig. 3 ). In addition, highly expressed miRNAs in the EDs from mice in the running group were involved in post-transcriptional regulation and translation. Using miRNA target gene prediction tools, we observed that 193 genes were commonly targeted by the enriched miRNAs in the EDs from mice in the running group. Furthermore, KEGG pathway analysis identified 10 genes (Ddit4, Creb1, Eif4e, Gsk3b, Itgb3, Myb, Rps6kb1, Sgk1, Akt3 and Ywhah) that were involved in the PI3K (phosphatidylinositol 3-kinase) -AKT (Protein Kinase B) signaling pathway ( Table 2 ).
Exercise-induced EDs enhance the viability of Neuro2A cells partially via the PI3K-AKT pathway.
The PI3K-AKT pathway is a crucial signaling pathway in cellular processes such as proliferation and differentiation 33, 34 . We further investigated the effect of EDs from mice in the running group and sedentary group on the viability of neuroblastoma cells. Treating Neuro2A cells with exercise-induced EDs for 24 hours significantly altered their viability compared with sedentary mice EDs or the vehicle-treated control (Fig. 4a ). Exercise-induced EDs (100 ng/μl) promoted increased viability of Neuro2A cells compared with the control group (p < 0.05, Fig. 4a ). We then used the LY294002 compound, a PI3K-AKT pathway inhibitor, to assess the involvement of the PI3K-AKT pathway in the proliferation of neuroblastoma cells. Pre-treatment with LY294002 compound (10 μM) reduced the viability of Neuro2A cells treated with exercise-induced EDs (p < 0.05, Fig. 4b ).
We also found that 24 hours of treatment with exercise-induced EDs (at 10 ng/μl) increased AKT phosphorylation (Ser473) in Neuro2A cells compared with the vehicle treatment (p < 0.05, Fig. 4e,f) . However, no such effect was observed when EDs were administered for only 15 min (p > 0.05, Fig. 4c,d) . The EDs from sedentary mice also tended to increase AKT phosphorylation compared to the control (p = 0.09, Fig. 4f ), and this effect was not statistically different from that of exercise-induced EDs (p > 0.05, Fig. 4f ).
Exercise-induced EDs promote neural maturation markers in Neuro2A cells. The AKT pathway
plays a crucial role in neuronal cell differentiation via modulation of genes related to synaptic plasticity, such as MAP2ab and NeuN 35, 36 . We investigated the effect of exercise-induced EDs on these neuronal maturation markers. The expression levels of both MAP2ab and NeuN (p < 0.05; Fig. 5a ,b) were higher in Neuro2A cells treated with 100 ng/μl of exercise-induced EDs for 24 hours compared with cells incubated with EDs from sedentary mice or vehicle (PBS). Subsequent experiments showed that the increased MAP2ab and NeuN expression under exercise-induced EV treatment were ameliorated by LY294002 compound (10 μM) pre-treatment in Neuro2A cells (p > 0.05; Fig. 5c,d) . www.nature.com/scientificreports www.nature.com/scientificreports/
Exercise-induced EVs increases the proliferation and differentiation markers in neural stem cells and progenitors (NSPCs).
To determine the role of exercise-induced EDs in more physiological condition, we next investigated the effect of the exercise-induced EDs on the expression of proliferation and differentiation markers in NSPCs. Ink/Arf-null NPC (Neural progenitor cell) were treated with 0, 1, 10, 100 ng/μl of exercise-induced EDs or sedentary-induced EDs for 3 days. Phosphor Histone3 (Ser10) was used as a proliferation marker and β-III tubulin was used as a marker for neuronal differentiation. In proliferating conditions, both 100 ng/μl of sedentary-induced EDs and 10, 100 ng/μl of exercise-induced EDs treatment have effect on cell proliferation marker (p < 0.05, p < 0.01, respectively; Fig. 6a,b) . In particular, 10 ng/μl of exercise-induced EDs treatment significantly increased the Histone 3 phosphorylation comparing same dosage treatment of sedentary-induced EDs (p < 0.01; Fig. 6a,b ). For evaluation of neuronal differentiation, β-III tubulin was used as a marker. When artificially induced differentiation as described in method, both 1, 10, 100 ng/μl of sedentary-induced EDs and exercise-induced EDs treatment have effect on cell differentiation marker (p < 0.05; Fig. 6c,d) . Following comparison analysis found that 10 ng/μl of exercise-induced EDs treatment significantly increased the β-III tubulin comparing same dosage treatment of sedentary-induced EDs (p < 0.01; Fig. 6a,b ).
Discussion
Extracellular derivatives (EDs) contains EVs that are small sacs released by cells that contain parent cell-derived materials such as peptides, metabolites, and nucleic acids 24 . Recent studies have identified various physiological roles for EVs in the context of cell excretion 22, 26, 37 . EVs are known to stimulate or suppress metabolism through intercellular information exchange under various physiological parameters, including exercise 22, 24 . Cell-derived hormones and cytokines also play such roles, but EVs are more diverse, target-specific and stable, and are now www.nature.com/scientificreports www.nature.com/scientificreports/ believed to play a major role as signal transducers that mediate exercise 22, 24, 32 . Because of these characteristics, recent studies have focused on EVs as signal transporters during exercise 22, 38 . However, there are technical issues purifying these EVs, we used extracellular derivatives (EDs) including EVs, albumin and lipoproteins 23, 27 . Using a mouse model, we found that treadmill running for 30 minutes twice per day (a total of 1 hour per day) for two weeks increased the diameter of particles in EDs. In particular, the proportion of particles 120-499 nm in www.nature.com/scientificreports www.nature.com/scientificreports/ diameter increased compared with sedentary mice. Although the process of formation is slightly different from exosomes, microvesicles are also equipped with specific components, including genetic materials 24, 32 . Our results indicate that EDs can be actively involved in intercellular communication during exercise.
We characterized the miRNA profiles of the EDs after 2 weeks of treadmill exercise and administered these EDs to neuronal cells to investigate the cellular mechanisms for the neurogenic effects of exercise. miRNAs are small non-coding RNA molecules (about 22 nucleotides) found in various tissues, and have biological functions in cancer, the cardiovascular system, adipogenesis, and neurogenesis, mostly via post-transcriptional regulation of gene expression 39, 40 . The majority of miRNAs are located within the cell, but some miRNAs can be secreted from cells and circulate in fluids 39 . These circulating miRNAs have been reported to play roles in biological www.nature.com/scientificreports www.nature.com/scientificreports/ functions such as atherogenesis, and thrombosis 41, 42 . D'Souza et al., found circulatory exosomal miRNA following intense exercise was unrelated to muscle and plasma abundance 43 . Furthermore, the presence of miRNAs in EDs has now been reported in several cell types, including mesenchymal stem cells 44 immune cells 45 , tumor cells 46 and endothelial cells 47 . We observed that 2 weeks of treadmill exercise altered the profile of miRNAs related to the cellular response to chemical stimulus, cellular response to oxygen-containing compound, and cellular response to acid chemical. The functional categorization of differentially expressed miRNAs sheds light on the dynamics of inter-and intracellular conditions during exercise 48 . We further searched the literature to understand the functions of the altered miRNAs. miR16, -342, -7a, -674, -101, etc. are known to affect neuronal function and have been reported to be involved in energy metabolism [49] [50] [51] [52] [53] [54] [55] [56] . miRNAs are known to regulate not only target genes but also their pathways. We identified genes that were predicted to be regulated by at least three miRNAs using a miRNA target gene prediction database (as discussed in the Materials and Methods section). KEGG pathway enrichment analysis was then performed using DAVID with predicted gene-sets. The most significantly enriched pathway was the PI3K-Akt signaling pathway.
The Akt pathway plays a crucial role in survival and growth via modulation of signaling transduction pathways 33, 35 . Akt resides in the cytosol in an inactive conformation until the cell is stimulated, then translocates to the plasma membrane 57 . Recent research has focused on the roles of this pathway in the neuronal system. PI3K-Akt signaling is involved in the growth of neuronal stem cells (NSCs) via FOXO phosphorylation and PTEN inhibition 58 . In the present study, we verified that exercise-induced EDs can activate Akt signaling. Long-term treatment with exercise-induced EDs increased Akt phosphorylation and the viability of neuronal cells, although Akt activation was not affected by short-term treatment with exercise-induced EDs. This indicates that EDs require a period of adaptation to act on target cells. It has been reported that overexpression of Akt increases Creb phosphorylation and promotes NSC differentiation 34 . We further investigated the effects of exercise-induced EDs on neuronal maturation markers, including MAP2ab and NeuN. After being incubated with exercise-induced EDs for 24 hours, MAP2ab and NeuN expression increased compared with cells incubated with EDs derived from sedentary mice or vehicle (PBS). To establish whether the Akt pathway was involved in these effects, we conducted further experiments using LY294002, a PI3K inhibitor. Pre-treatment with LY294002 dramatically decreased the expression level of MAP2ab and NeuN in neuroblastoma cells treated with exercise-induced EDs. In accordance with previous studies 59, 60 , we found that exercise-induced EDs may be involved in neuronal cell viability and maturation via PI3K-Akt signaling. Consistent with these findings in Neuro2A cells, we further validate the effect of exercise-induced EDs' on neural stem cell function in NSPCs. Interestingly, we found that the markers involved in the proliferation and differentiation of neural stem cells were affected even in the sedentary-induced EDs, but there was a more significant effect in the exercise-induced EDs. Since the PI3K-Akt pathway plays an important role in glucose metabolism 58 , it should be confirmed whether exercise-induced EDs can contribute to the energy metabolism system during exercise. Further studies are necessary to elucidate the characteristics of functions of exercise-induced EDs in various conditions.
Understanding the underlying mechanisms for exercise-induced neuronal maturation may facilitate the development of evidence-based exercise programs for participants with neurodegenerative diseases. Our findings confirm that exercise-induced EDs can act as a communication element during exercise. In particular, exercise-induced EDs contribute to the proliferation and maturation of neurons, which are related to the beneficial effects of exercise on cognitive function and emotion. 
